Background-Diffusion tensor magnetic resonance imaging (DT-MRI) provides a means for nondestructive characterization of myocardial architecture. We used DT-MRI to investigate changes in direction-dependent water diffusivity to reflect alterations in tissue integrity (trace apparent diffusion coefficients [ADCs] and fractional anisotropy [FA]), as well as indicators of remodeling of fiber helix angles, in patients after myocardial infarction. Methods and Results-Thirty-seven patients (35 men, 2 women; median age, 59) after acute myocardial infarction (median interval from onset, 26 days) were enrolled. DT-MRI was performed at the midventricular level to measure trace ADC, FA, and helix angles of myofibers. Helix angles were grouped into left-handed helical fibers, circumferential fibers, and right-handed helical fibers. Measurements were correlated with viability and regional wall motion assessed by contrast-delay-enhancement and cine MRI, respectively. The infarct zone showed significantly increased trace ADC and decreased FA than the remote zone. The percentage of left-handed helical fibers increased from the remote zone (meanϮSD, 13.3Ϯ5.8%) to the adjacent zone (19.2Ϯ9.7%) and infarct zone (25.8Ϯ18.4%) (MANOVA, Pϭ0.004). The percentage of right-handed helical fibers decreased from the remote zone (35.0Ϯ9.0%) to the adjacent zone (25.5Ϯ11.5%) and infarct zone (15.9Ϯ9.2%) (PϽ0.001). Multiple linear regression showed that the percentage of left-handed helical fibers of the infarct zone was the strongest correlate of infarct size and predictor of ejection fraction.
T he unique 3-demensional organization of myocardial fibers of the mammalian ventricle is composed not only of circumferential fibers (CFs) and longitudinal fibers but also of obliquely running fibers that form a helical spiral from base to apex. When viewed from the apex of the left ventricle (LV), the orientation of fibers changes smoothly from lefthanded helical fiber (LHF) in the subepicardium to CF in the mid wall to right-handed helical fiber (RHF) in the subendocardium. 1, 2 This structure is a key determinant of ventricular mechanical properties, including torsion, strain, and stress, 3, 4 Clinical Perspective 1045 and structure adaptation. 5, 6 From a clinical point of view, understanding the altered tissue integrity and fiber architecture in diseased myocardium such as myocardial infarction (MI) is critically important because it might shed light on the mechanism of structure-function remodeling after MI. However, conventional histological study of myocardial fiber architecture is time-consuming and destructive and can be done in the excised heart only.
Recently, diffusion tensor magnetic resonance imaging (DT-MRI) has emerged as a candidate method for nondestructive reconstruction of the fiber structure of the LV. [7] [8] [9] [10] [11] DT-MRI probes orientations of organized microstructures on the basis of the principle that the main orientation of the microstructures parallels the direction of the greatest diffusivity of water molecules, which causes signal attenuation in the presence of a magnetic field gradient. By comparing DT-MRI of animal cardiac specimens and conventional histological results, recent reports have demonstrated a direct correlation between MRI and histological fiber angle measurements, thereby validating the DT-MRI approach for complete characterization of myofiber architecture. [7] [8] [9] [10] [11] DT-MRI was modified by Edelman et al 12 and Pearlman and Brookeman 13 to reduce the motion-induced signal dropout to measure the water diffusion of the beating heart. Reese et al 14, 15 and Tseng et al 16 -18 have used the same modified DT-MRI to successfully observe the myocardial fiber architecture in the normal living human heart.
Until now, DT-MRI studies have been used mostly to delineate normal myofiber architecture in animal fixed heart in vitro [7] [8] [9] [10] [11] and, less frequently, in human beating hearts in vivo. 14 -18 There is only 1 report of its utility in postinfarct remodeling of fixed rat myocardium in vitro. 19 In the present study, we performed DT-MRI in 37 patients with recent MI. It is known that diffusion indexes derived from DT-MRI, namely trace apparent diffusion coefficient (trace ADC) and fractional anisotropy (FA), reflect the structural integrity of underlying tissues. 20 Trace ADC indicates the mean diffusivity of water molecules; it will change if there is pathological change causing redistribution of intracellular and extracellular space volumes. FA measures the variability of water mobility in different directions and will decrease if the organization of tissue structure is destroyed. We hypothesized that (1) the tissue integrity, as reflected by trace ADC and FA, and fiber architecture, as indicated by helix angle, will be changed after infarction; (2) the alteration would differ between infarct zone and noninfarct zones (the latter can be further divided into adjacent zone and remote zone 21 ); and (3) the alteration would correlate with functional changes. Using contrast-delay-enhancement MRI (CDE-MRI) as a reference of viability maps 22, 23 and cine MRI for LV functional assessment, 24 we aimed to investigate the structure-function interaction in postinfarct myocardial remodeling in living human heart using DT-MRI.
Methods

Patients
We prospectively enrolled patients suffering from acute MI who fulfilled all of the inclusion criteria: (1) acute MI diagnosed by both ECG and biomarkers; (2) documented culprit lesion by coronary catheter angiography; (3) stable vital signs, regular sinus rhythm, and ability to hold breath for 15 seconds; and (4) no contraindication for MRI study. Thirty-seven patients (35 men, 2 women) were enrolled. Details of the clinical characteristics are listed in Table 1 .
MRI Acquisitions
All MRI studies were performed on a 1.5-T imager (CVi, Signa, GE Healthcare, Milwaukee, Wis) with a dedicated quadrature cardiac surface coil (Nova Medical, Wilmington, Mass). Patients were positioned off-centered right so that the heart aligned to the isocenter of the magnet. To minimize image misregistration between multiple breathholds, we coached the patients to hold their breath at "quiet end expiration" and applied a plethysmography to monitor the respiratory movement to ensure that the images were acquired at desirable position.
Definition of LV Long Axis and Short Axis
In the present study, the LV long axis was determined as the line bisecting the LV in both 4-and 2-chamber views under the assumption that the LV is axially symmetric. The short axis was defined perpendicular to the long axis.
Cine Fast Gradient Echo
Localizers were first obtained to determine imaging planes in the 4-chamber and short-axis views. Breathhold cine MRI in these 2 views was performed with segmented k-space spoiled gradient echo sequence (repetition time, 9.1 ms; echo time, 4.9 ms; flip angle, 30°; slice thickness, 8 mm; views per segment, 8; view sharing, 20 frames per R-R interval; matrix, 256ϫ128; field of view, 240ϫ320 mm; and 1 average). The short-axis view was obtained from 1 cm below the level of the mitral valve insertion and then every 8 mm throughout the whole LV. One breathhold was obtained for 1 slice, and a series of 10 to 14 slices was obtained for evaluation of LV function.
Cardiac DT-MRI
Details of the pulse sequence design were given previously. 14, 15 In brief, cardiac DT-MRI was performed using double-gating stimulated-echo single-shot echo planar imaging ( Figure 1 ). To avoid signal dropout resulting from cardiac motion and to minimize strain effects on diffusion measurement, 2 diffusion gradient pulses were ECG triggered at an identical phase of mid systole in 2 consecutive cardiac cycles. The diffusion-sensitive gradient pulses were oriented in 6 nonopposed edge centers of a cube, ie, {1, Ϯ1, 0}, {0, Ϯ1, 1}, {Ϯ1, 0, 1}, with the intensity |g D |ϭ40 mT/m and Total number of study participants is 37. CK indicates creatine kinase; MB, creatine kinase-MB; and PCI, percutaneous coronary intervention.
duration ␦ D ϭ2 ms adjusted to yield diffusion sensitivity: bϭ͐ |k D | 2 ;dtϭ300 s · mm Ϫ2 , where k D ϭ␥g D ␦ and ␥ is the proton gyromagnetic ratio.
Cardiac DT-MRI was performed with intermittent breathholds. Each breathhold spanned 14 heartbeats to obtain 6 diffusionweighted images and a reference image with null gradient. We acquired 3 DT-MRI slices in the short-axis view at the mid LV level (each slice thickness, 8 mm; interslice gap, 4 mm) that composed a "midventricular volume" covering 32-mm thickness (see online-only Data Supplement, section 1) (field of view, 240 mm; matrix size, 128ϫ128; repetition time, 2 R-R intervals; echo time, 42 ms; and readout duration, 0.64 ms). With a number of excitations equal to 12, a total of 252 images, ie, 3 levels times 7 directions times 12 averages, at spatial resolution of 1.88ϫ1.88ϫ8 mm were obtained in Ϸ30 minutes.
CDE-MRI for Viability Map
CDE-MRI was used to estimate infarct size. 22, 23 A bolus of 0.2 mmol gadopentetate dimeglumine (Magnevist, Schering, Berlin, Germany) per 1 kg body weight was administrated into an antecubital vein by hand injection. After a delay interval of 8 to 15 minutes, a series of segmented 180°inversion-recovery gradient-echo T1-weighted images was acquired in the same views as for cine images in the short-axis view. The inversion time, typically Ϸ250 to 300 ms, was optimized to null the signal of normal myocardium to maximize the detection of contrast-enhanced infarcted area. Trigger delay was 400 ms, and voxel size was 1.41ϫ1.41ϫ8 mm. The high-resolution viability map was used for zonal segmentation for the infarct, adjacent, and remote zones.
Data Analysis
Midventricular Volume
Because DT-MRI was performed only on the 3 adjacent slices at the mid LV level, the midventricular volume (see the online-only Data Supplement, section 1), data analysis of CDE viability map, and regional LV function were performed on this volume only. We then averaged the measurements from the 3 slices to represent the volume data, which were categorized into 3 viability zones on the basis of the CDE viability map; therefore, a volume data with 3 zones represented the data set of a single subject. Thus, 37 data sets entered analysis.
Tissue Integrity and Myocardial Fiber Architecture
Each DT-MRI data set was analyzed by one author (M.-Y.M.S.) blinded to the results of LV function and CDE viability map. The program was developed with Mathematica (version 4.0, Wolfram Research, Inc, Champaign, Ill). We ensured the quality of the images by discarding the images that were morphologically different from the reference images. We then coregistered all the selected images of the same diffusion-sensitivity gradient to the reference images by performing in-plane translation to achieve maximum correlation of image intensity. The symmetrical 3-dimensional diffusion tensor, D, was reconstructed from 6 diffusion-attenuated images, I i (i ϭ1,. . .,6) obtained from 6 diffusion-sensitizing gradients, g i , and a reference image with null gradient, I 0 , by the following equation 25 :
Cross interaction between diffusion and imaging gradients, given immediate refocusing of the gradients, was negligibly small. To evaluate the myocardial tissue integrity, we measured trace ADC and FA of the diffusion tensor. Trace ADC, denoted by ϽdϾ, was quantified as the mean of the 3 eigenvalues of the diffusion tensor d 1 , d 2 , and d 3 :
(2) ϽdϾ ϭ d1ϩd2ϩd3 3
FA represents degree of deviation of a diffusion ellipsoid from a sphere and was quantified as the SD of the eigenvalues of the diffusion tensor normalized by the "magnitude" of the 3 eigenvalues of the diffusion tensor:
Myocardial fiber orientation at each pixel was defined by the first eigenvector of the diffusion tensor in the cardiac DT-MRI. Fiber helix angle was determined according to the convention described by Streeter and Hanna 26, 27 and Scollan et al. 9, 11 Briefly, fiber orientation was assigned to have LHF from the subepicardium to the mid wall and as RHF from the mid wall to the subendocardium. Fiber helix angle at each pixel was the angle between the local fiber vector and local circumferential vector. The circumferential vector was perpendicular to both the long axis of the LV and the local radial (or transmural) vector. Globally, fiber orientations of the LV wall show a circularly symmetric pattern, from about Ϫ90°at the subepicardium through 0°at the mid wall to 90°at the subendocardium. To compare differences in fiber orientations among the 3 viability zones, we divided the fiber orientation into 3 groups with continuous-scale pseudocolor encoding on a 128ϫ128 matrix: (1) Ϫ90°to Ϫ30°as LHF, which was distributed mainly over the subepicardial layer and was pseudocolored green; (2) Ϫ30°to 30°as CF, pseudocolored blue; and (3) 30°to 90°as RHF, which was distributed mainly over the subendocardial layer and was pseudocolored red.
The maps of trace ADC, FA, and fiber helix angle of an example slice of normal myocardium at the midventricular level are shown in Figure 2 .
Definition, Segmentation, and Quantification of Viability Zones by CDE-MRI
High-resolution CDE-MRI was used for zonal segmentation of the viability maps ( Figure 3A ). Using commercial software (MASS, GE Healthcare, Milwaukee, Wis) on an offline workstation (Advantage Window 4.1, GE Healthcare), one author (K.R.C.) who was blinded to the infarct-related artery of the patients traced the endocardial and epicardial contours of the myocardium. Using the modified centerline method, the program automatically generated 100 cords perpendicular to the centerline. 24 The infarct zone was defined by the distinct hyperenhanced area visually 22, 23 by the consensus of 2 authors (C.-P.L., M.-T.W.) without knowledge of the infarct-related artery. The number of cords encompassed in the infarct zone was then counted and divided by 100 to represent the length fraction of the infarct zone ( Figure 3B ). We further divided the noninfarct area into the adjacent zone and remote zone. 21 In the present study, we defined the adjacent zones to be one-fourth the length of the infarct zone bilaterally. The remaining area was the remote zone. The identical zonal segmentation was applied to assess the regional LV function and DT-MRI measurements. Area percentages of the infarct, adjacent, and remote zones were calculated on the basis of the length fraction and mean wall thickness of the respective zones (see online Data Supplement, section 2).
Evaluation of Regional LV Function
Evaluation of LV function was performed on the cine gradient-echo images with the modified centerline method by a semiautomated program (MASS) as described previously. One author (K.-R.C.) traced the epicardial and endocardial contours without knowledge of the infarct-related artery and viability map by CDE-MRI. Regional wall thickness and wall motion were evaluated. Wall thickness was measured by high-resolution CDE-MRI ( Figure 3C ). Wall motion was expressed by displacement of center points of each pair of the 100 cords between end systole and end diastole ( Figure 3D ). 24 Ejection fraction of each midventricular volume was calculated by the relative difference in LV cavity volume between end diastole and end systole with respect to end-diastolic volume.
Zonal Segmentation of DT-MRI Measurements and Regional LV Function
After the above data analysis, the viability map by CDE-MRI was used as a reference to segment the data of DT-MRI measurement and LV function by one author (W.-Y.I.T.) without knowledge of the results of the DTI measurement and LV function.
Statistical Analysis
The clinical characteristics are expressed as median and 25th and 75th percentiles. Measurements are expressed as mean and SD. Data with nonnormal distribution was proceeded by square-root transformation 28 before analysis. To account for repeated measurements from the 3 viability zones, the MANOVA model was used to identify the differences in DT-MRI variables, LV function, and percentage of infarct area, respectively, using the 3 viability zones as the withinsubject factor. Post hoc pairwise comparisons of measurements between the 3 zones were performed with Bonferroni correction. Values of PϽ0.05 were regarded as significant.
Pearson's correlation coefficients were computed for the fiber architecture and myocardial tissue integrity versus the regional wall motion on a viability zone basis. In addition, multiple linear regressions with the stepwise method were conducted to assess the relationship between wall motions and DT-MRI measurements for each viability zone, respectively.
Statistical analysis was performed with SPSS 11.0 (SPSS Inc, Chicago, Ill). The authors had full access to the data and take responsibility for their integrity. All authors have read and agree to the manuscript as written. Table 1 . The average percent of the infarct zone was 26.7Ϯ15.8% ( Table 2) . Adj indicates adjacent. *Square-root transformation was used before MANOVA and post hoc pairwise comparison.
Results
Viability Map by CDE-MRI
CDE-MRI detected the infarcted areas in all patients. The distribution of infarcted areas is shown in
Regional LV function
There were significant differences in wall thickness and wall motion among the 3 zones, except there was no significant difference (Pϭ0.102) in wall motion between the infarct zone and adjacent zone ( Table 2 ). The average ejection fraction was 44.2Ϯ11.7%. A representative case is shown in Figure 3 .
Myocardial Tissue Integrity and Fiber Architecture by DT-MRI
Trace ADC Trace ADC showed significant differences among the 3 viability zones (F (2, 72) ϭ49.4; PϽ0.001), with a transitional increase from the remote zone to the infarct zone. Post hoc pairwise comparison showed that all the zonal differences were significant (all PϽ0.001) ( Table 2 and Figure 4A ).
FA Findings
FA showed significant difference among the 3 viability zones (F (2,72) ϭ10.5; PϽ0.001), with a transitional decrease from the remote zone to the infarct zone. Pairwise comparisons showed that a significant difference in FA between the adjacent and remote zones (Pϭ0.002) and between the infarct and remote zones (PϽ0.001). No difference between the infarct and adjacent zones was noted (Pϭ0.183) ( Table 2 and Figure 4B ). Figure 4C showed the overlaid scatterplots of trace ADC versus FA in the 3 zones. A negative correlation was found between trace ADC and FA in the infarct zone (rϭϪ0.64, PϽ0.001), adjacent zone (rϭϪ0.55, PϽ0.001), and remote zone (rϭϪ0.58, PϽ0.001).
Relation Between Trace ADC and FA
Fiber Architecture: Helix Angle Map
Among 3 groups of fibers, the percentage of RHF (RHF%) had the most significant difference in the 3 zones (F (2, 72)ϭ42.3; PϽ0.001), followed by the percentage of LHF (LHF%) (F (2, 72) ϭ10.1; Pϭ0.004) and no significant difference for the percentage of CF (CF%) (F (2, 72) ϭ2.3; Pϭ0.114).
The ratio of helical fibers to CFs, as expressed by (LHF%ϩRHF%)/CF%, was maintained and showed no difference among the 3 zones (F (2, 72) ϭ1.2; Pϭ0.304) ( Table 2 ). Figure 5 shows the DT-MRI analysis of the same case as in Figure 3 . The infarct zone showed increased trace ADC and decreased FA compared with the adjacent zone and remote zone. The infarct zone showed substantial loss of RHF% and increase in LHF%. Table 3 shows the correlation matrix between regional wall motion versus myocardial tissue integrity and fiber architecture across the 3 viability zones. In the infarct zone, wall motion correlated negatively with trace ADC of all 3 zones (all PϽ0.05). It also correlated negatively with LHF% and positively with CF% in the infarct zone. With multiple linear regression, LHF% of the infarct zone was the only predictor (rϭϪ0.33, PϽ0.05) of regional wall motion of the infarct zone.
Correlation of Myocardial Tissue Integrity and Fiber Architecture With Regional Wall Motion, Infarcted Area Size, and Ejection Fraction
In the adjacent zone, wall motion correlated negatively with trace ADC of all 3 zones (all PϽ0.05). It also correlated negatively with LHF% and positively with CF% of the infarct zone. With multiple linear regressions, trace ADC of the adjacent zone was the only predictor (rϭϪ0.36, PϽ0.05) of regional wall motion of the adjacent zone.
In the remote zone, only LHF% of the adjacent zone correlated negatively with regional wall motion of the remote zone. The infarcted area percentage correlated positively with trace ADC of all 3 zones (all PϽ0.05). The infarcted area percentage also correlated negatively with CF% of the infarct and adjacent zones and positively with LHF% of the infarct zone. With multiple linear regression, the LHF% of the infarct zone was the only predictor of the infarct area percentage (rϭ0.71, PϽ0.001). In addition, ejection fraction was correlated negatively with trace ADC of all 3 zones, negatively with LHF% of infarct and adjacent zones, and positively with CF% of the infarct and adjacent zones. With multiple linear regression, LHF% of the infarct zone was the only predictor (rϭϪ0.61, PϽ0.001) of ejection fraction.
Discussion
Trace ADC indicates the mean diffusivity of water molecules, which reflects the redistribution of intracellular and extracellular space volumes. 20 In the present study, we found that trace ADC was significantly increased in the infarct zone. This finding is consistent with the findings of DT-MRI study of the rat heart. 19 In formalin-fixed rat myocardium, the infarcted area was found to have increased trace ADC compared with the noninfarct zone. Histological examination revealed that few viable myocytes remained in the infarct zone, accompanied by increased extracellular space as a result of cell death and subsequent scar formation. Therefore, the increased trace ADC in scar tissues is attributable to the increase in extracellular space as water diffusion becomes less restricted in the extracellular space. 19 The association between increased water diffusion and tissue necrosis is well recognized and validated in cerebral infarction. 29 FA, because it measures the variability of water mobility in different directions, is a common index for structure integrity and architectural organization of tissues. 20 In the present study, we found that FA of the infarct zone was significantly decreased compared with the remote zone. This finding again is in line with the finding from the rat heart showing a negative correlation between degree of anisotropy and microscopic fiber disarray. 19 The decrease in FA related to infarction may be multifactorial such as swollen myocytes, myocardial fibers that are disarrayed in orientation, and an increase in collagen concentration replacing the extracellular matrix after MI. 30 In addition, we found that at 26 days after acute MI, the trace ADC and FA in each viability zone showed significant inverse correlation ( Figure 4C ).
We found that the proportion of helix angle distribution of the myocardial fibers was significantly altered across the 3 zones (see Data Supplement sections 3 and 4). As shown in Table 2 and Figure 6 , RHF% decreased and LHF% increased in the infarct zone; inversely, RHF% increased and LHF% decreased in the remote zone. Although this particular pattern of fiber architecture remodeling has never been reported, we proposed a hypothesis involving a cascade of mechanisms. First, the area most susceptible to ischemia is the subendocardial area. Therefore, RHF had the most severe loss in the infarct zone. Second, an increase in LHF% in the infarct zone may represent a remodeling process triggered to compensate for the loss of RHF in the infarct zone and to keep the balanced ratio of (LHF%ϩRHF%)/CF%. Third, the RHF% increase in remote compensatory hypertrophy may be an adaptive remodeling response to the increase in wall stress.
Several lines of evidence indirectly support our hypothesis. First, from computer simulation and animal model, Arts et al 6 found that helical fiber orientation was a result of mechanical feedback making the fiber stress and/or strain more uniform across the wall; therefore, it would be of mechanical benefit to restore the (LHF% ϩ RHF%)/CF% ratio during the healing process of MI. Second, it is known that wall stress is greater at the subendocardial surface than the subepicardial surface of the heart. 31 Conservation of this gradient may be the reason for preferential subendocardial hypertrophy sec- Figure 3 . A, Trace ADC map; B, FA map; C, continuous-scaled pseudocolored helix angle map. The infarcted area, as identified in Figure 3A , showed increased trace ADC and decreased FA. The infarct zone showed a decrease in RHF (red) and an increase in LHF (green), whereas the remote zone showed hypertrophy with an increase in RHF (red). The arrow indicates papillary muscle.
ondary to various stimulations such as heart failure or exercise training in animal heart, which is most likely an adaptation to the increased wall stress, 32, 33 and may be cause of remote zone hypertrophy in our patients. Third, a particular figure-of-eight pattern of myofibers was disclosed early in the 19th century 3,6,34 and later confirmed by Streeter and Hanna, 26, 27 using the micrometric method. According to the model, the subepicardial fibers (LHF) in one wall connect histologically to the subendocardial fibers (RHF) of the opposite wall through the apex and the base. Therefore, we postulated that a decrease in RHF in the free lateral wall may correspond to a decrease in LHF in the septal wall. Our recent 3-dimensoinal tractography of DT-MRI in a normal bovine heart ex vivo showed direct visualization of this particular pattern of fiber architecture 35 and provided a histological basis to support our postulation.
Study Limitations
The adjacent zone we propose is relatively conceptual, defined as one fourth the length of the infarct zone bilaterally. It is still controversial and difficult to precisely identify the "functional/histological border zone" in human living heart such as applying different experimental contrast agent to differentiate the infarct zone from the border zone. 36 However, our simple definition of the adjacent zone served to support the hypothesis of transitional change of myocardium remodeling.
Although we found interesting fiber architecture remodeling after MI, we have no direct histopathological correlation to validate our findings. Study on a living human heart is impossible, however.
Conclusions
In the present study, we used DT-MRI to study living human heart after MI. We found that the alterations in tissue integrity and fiber architecture of the injured myocardium were zone dependent, which also correlated with functional impairment. Our findings were consistent with the knowledge of myocardial fiber mechanics and might provide insight into the structure mechanism of remodeling of the myocardium after MI.
